Alzheimer disease (AD) is a progressive degenerative disease of the brain that is characterized by neocortical atrophy, neuron and synapse loss, and the presence of extracellular senile plaques and intracellular neurofibrillary tangles (NFTs). The primary clinical manifestation of AD is a profound global dementia that is marked by severe amnesia with additional deficits in language, "executive" functions, attention, and visiospatial and constructional abilities. The neurodegenerative changes occur primarily in the hippocampus and entorhinal cortex and in the association cortices of the frontal, temporal, and parietal lobes. Although the temporal progression of the neuropathological changes of AD is not fully known, recent studies suggest that the hippocampus and entorhinal cortex are involved in the earliest stage of the disease, and that frontal, temporal, and parietal association cortices develop pathology as the disease progresses. This "spreading" of the pathology from those regions of the brain in which hallmarks of the disease (amyloid plaques, reactive gliosis, NFTs) can be first detected, to other regions of the brain is notable, and while generally accepted as being a genuine feature of the pathology, no explanation for it has yet emerged (1).
. The vast majority of AD cases are "spontaneous," in that there is no familial history of the disease and hence no known genetic linkage that predisposes an individual to develop AD. However, the rare cases of familial AD have proven to be key in the identification of three genes, APP and presenilins 1 and 2 (PS1 and PS2), that, when mutated, lead to early-onset familial forms of the disease (6) . Each of these gene products plays a role in the production of β-amyloid peptides; APP is the precursor protein from which β-amyloid peptides are derived by proteolytic cleavage at the β and γ cleavage sites (Figure 1a ). Familial mutations in APP and both presenilins increase the plasma levels of β-amyloid in patients carrying these mutations and tip the balance toward an increase in the production of x-42, the more fibrillogenic species (7, 8) . Mutations in APP close to the β and γ cleavage sites ( Figure 1b ) accelerate amyloid production and increase the proportion of the amyloidogenic Aβ x-42 species (3). Presenilin mutations appear to directly affect cleavage site selection and the frequency of cleavage at the γ-site, and PS1 is absolutely required for γ-cleavage of APP (3) . Early biochemical characterization and inhibitor profiling indicated that both β and γ cleaving enzymes (secretases) were probably aspartic proteinases and hence represented attractive therapeutic targets (9) .
The amyloid hypothesis
Late in 1999, β-secretase (BACE, Asp2, Memapsin) was definitively identified as a novel membrane-bound aspartic proteinase, providing the essential tool in the search for specific inhibitors of β-amyloid production (10) . The search for γ-secretase has proven more difficult and indirect, but the current balance of evidence is consistent with PS1 being a novel transmembrane aspartic proteinase (11) . While the amyloid hypothesis would support the idea that these proteases represent attractive therapeutic targets, there has been a significant ongoing debate as to whether the extracellular, amyloid-containing senile plaques, or the intracellular NFTs, occur first in the pathology and hence which may be the causative agent (1) (2) (3) . In support of the important role of NFTs in neurodegeneration, there is clear evidence that their presence often correlates more closely with dementia. By contrast, abundant amyloid deposits can be detected in the brains of cognitively normal individuals (12) .
The proposed pharmacological approach of blocking secretase activity is reminiscent of that taken with atherosclerosis, where rare mutations leading to elevated serum cholesterol levels result in disease, yet therapeutic treatments, for example with statins to inhibit cholesterol biosynthesis, lead to clinical improvement even in patients lacking such mutations. Strong support for the amyloid hypothesis -and hence for the potential value of inhibiting the secretases in an analogous manner -comes from work with both patients and transgenic animals. For instance, one recent study shows a direct correlation between elevated levels of Aβ-peptide and cognitive decline in patients (13) . In APP transgenic mice, likewise, reduction in amyloid burden through immunization with β-amyloid peptides restores behavioral deficits seen in the nonimmunized animals (14) . Moreover, when transgenic mice expressing a mutant form of human APP that generates high levels of amyloid are crossed with β-secretase knockout animals, no amyloid can be detected in the double transgenic mice (15) (16) (17) .
Maturation and function of β-secretase β-Secretase is a typical aspartic proteinase, 500 amino acids in length with two catalytic aspartic acid residues present in the diagnostic DT/SG sequence motif, D 93 TS and D 289 SG. It also has three disulfide bonds characteristic of mammalian enzymes. The crystal structure reveals that the protein has the same general polypeptide fold seen in other members of this family (18) despite an unusual disulfide bonding pattern, which initially led to speculation that the enzyme might reveal novel substrate specificities (19) .
In common with other aspartic proteinases, β-secretase is synthesized as a zymogen with a pro-domain, which is postulated to lie in the active site of the enzyme and thereby maintain it in an inactive state. Cleavage of the pro-domain to generate the mature enzyme occurs on the carboxyterminal side of the sequence RLPR 45 to liberate a mature protein starting at E 46 . The RLPR motif is a consensus cleavage site for the proprotein convertase (PC) family of calciumdependent serine proteases, of which seven are known. Two independent studies have exploited the existence of cell lines deficient in the proteinase Furin to demonstrate clearly that this is the predominant PC that catalyzes the removal of the pro-domain of β-secretase. In one study, LoVo cells, a human colon carcinoma cell line lacking both Furin alleles, were used; in the other, the Chinese hamster ovary (CHO) cell strain RPE.40 was used (20, 21) . In both cell lines, processing of β-secretase was dramatically reduced but could be restored by cotransfection of Furin cDNA. Mutation of amino acids in the active site of the transfected β-secretase cDNA had no effect on this processing, indicating that the enzyme cannot autoactivate (20, 21) .
Furin itself probably does not offer an attractive target for therapeutic intervention upstream of β-secretase, since the large number of Furin substrates in the cell and the important biological functions of this class of proteases in vivo suggest that inhibition is likely to have serious deleterious consequences. In addition, there is evidence to indicate that even with the prodomain present, the enzyme is still able to cleave APP (22) . So, rather than regulating activity, the predominant role of the prodomain appears to be to ensure efficient folding and trafficking of the protein through the endomembrane system (23) .
The approximately 23-amino acid cytoplasmic tail of β-secretase has a number of sequence elements that suggest multiple functions for this domain. At the extreme carboxyterminus the protein terminates with the sequence DDISLLK. The di-leucine motif is known to be responsible for endosomal and lysosomal targeting from the cell surface (24) , while the upstream acidic residues are required for the proper function of this motif (25) . Consistent with this notion, deletion of the di-leucine motif from β-secretase leads to increased levels of protein being resident at the cell surface, consistent with a failure of the deletion mutant to transport to the endosome, indicating that a significant proportion of β-secretase cycles between the plasma membrane and the endosome. In this cytoplasmic domain there are also three cysteine residues that have been shown to be The protein has a cleaved signal peptide, a prodomain and a catalytic domain in which the catalytic aspartic residues are located. The catalytic domain shows the 3 di-sulfide bridges characteristic of the pepsin family of aspartic proteinases and is glycosylated at 4 sites. The cytoplasmic tail contains a di-leucine endosomal retreival signal, cysteine residues which are palmitoylated and phosphorylation sites. The homolog, Asp1 (DRAP, BACE2) shows the same overall structural organization. palmitoylated and may help anchor the protein to the membrane. Indeed, although changing each of these residues to alanine to prevent palmitoylation does not lead to major changes in subcellular distribution of the protein, it significantly enhances the shedding of β-secretase into the medium (22) . Shedding, which is the release of the extracellular domain of proteins from their membrane anchor, is often catalyzed by members of the ADAM (a disintegrin and a metalloproteinase) family. The release of the soluble domain of APP by cleavage at the α-site (Figure 1 ) is catalyzed by ADAM10 and occurs predominantly at the cell surface (26, 27) , while the cleavage of β-secretase from its membrane anchor by a currently unknown proteinase appears to be predominantly an intracellular event (19) . The role of shed β-secretase is also unknown, but it seems unlikely that it is active as a protease, given the neutral pH of the extracellular environment and the acidic pH optimum required for efficient substrate cleavage.
γ-Secretase as a therapeutic target
The cleavage of APP by γ-secretase is unusual in that it occurs within the transmembrane domain of APP. This event is not unprecedented, since the sterol response element binding protein is cleaved within its transmembrane domain in response to falling cellular sterol levels (28) . The APP cleavage event is strictly dependent upon the presence of PS1, as is the intramembrane cleavage of Notch (29) . PS1 is a polytopic protein that has eight transmembrane domains. Cleavage of PS1 between transmembrane domains 6 and 7 to generate two associated fragments appears to be necessary for its ability to promote APP cleavage at the γ-site. As β-amyloid can terminate at two different sites to give x-40 or x-42, early studies concluded that there were at least two separate enzymes catalyzing γ-cleavage, a pepstatin-sensitive activity and a pepstatin-insensitive activity (30−32) . However, detailed studies of structurally related aspartic proteinase inhibitors concluded that there is probably a single γ-secretase, as a clear linear relationship emerged between the rank order potency for inhibition of x-40 production and x-42 production (33) . A detailed mutational analysis of PS1 indicated that mutation of individual aspartic acid residues in transmembrane helices 6 and 7 blocked γ-secretase cleavage of APP and autocatalytic processing in the loop region between these two transmembrane helices (34, 35) . The conclusion at this point was that either PS1 is γ-secretase or it is an essential di-aspartyl cofactor for γ-secretase. Perhaps the most striking biochemical result came from the use of radiolabeled photoactivatable transition state analog inhibitors; the only proteins to be labeled in a membrane preparation enriched in γ-secretase activity were the PS1 cleavage fragments (36, 37) . Detergent solubilization and immunoprecipitation of PS1 from such a membrane preparation revealed clear coprecipitation with γ-secretase activity (38) . While ultimate proof will consist of reconstituting γ-secretase activity from recombinant proteins, this series of experiments appears to many to be definitive evidence that PS1 is γ-secretase.
Already a number of potent and selective γ-secretase inhibitors have been described by a number of groups and have been shown to block both x-40 and x-42 production in cells (39) (40) (41) and in APP transgenic mice, reducing β-amyloid burden appreciably within a few hours of oral dosing (42) . These inhibitors also block PS1 cleavage but with a lower potency, a finding that is explained by suggesting that here the inhibitor is competing with a different substrate sequence for which the enzyme is likely to have a different affinity (43) . One potential problem needs to be addressed: several studies of the dose-response profiles of these γ-secretase inhibitors show that they stimulate Aβ x-42 production at low concentrations, while higher concentrations inhibit Aβ x-42 production (39) (40) (41) . This event can be reconstituted in a purified membrane preparation, suggesting that the effect seen in cells is probably not due to an effect of the inhibitor on Aβ trafficking through the cell or release from an intracellular pool (44) . One possible explanation is that β-amyloid is rapidly degraded by another proteinase that is still more sensitive to the inhibitor than is γ-secretase, so that the inhibition of the unknown proteinase leads to the accumulation of Aβ x-42. As concentrations rise, γ-secretase is inhibited, blocking the production of β-amyloid upstream of the degradative proteinase. Clearly this stimulatory activity cannot be present in any inhibitor that is to be considered for clinical application.
Other strategies for therapeutic blockade of APP processing A number of in vivo and in vitro studies have shown that β-amyloid production is sensitive to cholesterol levels, and, while some of the published results are contradictory, the bulk of them consistently indicate that high cholesterol ester levels correlate with increased amyloid production both in cells and in transgenic animals expressing human APP. Hence the β-and γ-secretase activities may be positively regulated by cholesterol (45) . In contrast, the α-secretase activity appears to be negatively regulated by cellular cholesterol (46) . Consistent with these in vivo and in vitro data, epidemiological studies show a reduced prevalence of AD in patients treated with inhibitors of cholesterol biosynthesis (47) . Cellular cholesterol may act in part by partitioning the proteinases into distinct lipid microenvironments within the plasma membrane. In the membrane, cholesterol-enriched microdomains or "rafts" are zones in which proteins involved in signal transduction, protein trafficking, and proteolytic processing accumulate (48) . Rafts can be partially purified because of their relative insolubility in detergent at low temperature and their different buoyant density compared with the bulk of the cellular membrane (48) . In this way, APP, β-amyloid, and the putative γ-secretase PS1 have all been found in lipid rafts. Recently, β-secretase protein and activity have been found in a light membrane raft fraction that also contained other components of the amyloidogenic pathway, and depletion of cellular cholesterol significantly reduced the amount of β-secretase in this fraction (49) . These observations suggest that the cholesterol-dependent partitioning of β-secretase into lipid rafts to promote its association with APP and PS1 to generate a proteolytically active assembly may underlie the cholesterol sensitivity of β-amyloid production.
Prospects for clinical control of AD
Whether prevention of amyloid deposition, achieved by any of the strategies discussed above, would be therapeutic depends critically upon whether amyloid plaques, and particularly soluble fibrillar amyloid, are neurotoxic. The most detailed studies suggest that a discrete form of soluble protofibril is the toxic species. Also consistent is the finding that cognitive decline in humans and behavioral deficits in APP transgenic animals correlate more closely with soluble β-amyloid levels than with plaque deposition (13, 14) . If so, the secretases remain the most promising targets available for the treatment of AD.
